Compressive imaging/sensing employing a random measurement basis does not incorporate the specific object prior information available for natural images. An alternate hybrid measurement basis is proposed that yields improved reconstruction performance for natural images.
Introduction
Compressive imaging (sometimes also referred to as feature-specific imaging) exploits the redundancy inherent in natural scenes to make compressive measurements towards the goal of image formation [1] [2] [3] [4] . The compressed sensing theory shows that a random measurement basis can achieve exact reconstruction given the object is sparse in some transform basis even when the number of measurements is less than the object dimensionality [5] [6] [7] . This elegant theory yields important generalized results, however, in the case of images of natural scenes it does not utilize any additional object prior information available beyond sparsity. This motivates the design of a measurement basis that incorporates this prior information specific to images of natural scenes and results in improved reconstruction performance.
Hybrid measurement basis design
It is well known that images of natural scenes exhibit a high degree of redundancy that forms the underlying basis for modern image/video compression algorithms. Linear transforms such as discrete cosine transform (DCT) and discrete wavelet transform (DWT) have been routinely used to obtain efficient compressed/sparse representation of such images [8] . Further, several studies have also reported that the power spectral density (PSD) associated with these images obeys a power-law DCT distribution [9] as shown in Fig. 1(a) . This implies that the expected (i.e. on average) energy in DCT/Wavelet coefficients decreases exponentially thereby becoming sparser with increasing spatial/angular frequency. Fig. 1(b) shows the distribution of energy in DCT coefficients for an example image, illustrating the increasing sparsity of DCT coefficients with angular frequency (f x ,f y ). Now, we will describe the design of a hybrid measurement basis that incorporates this prior object information about structured sparsity i.e. increasing sparsity of DCT coefficient with increasing spatial/angular frequency. For simplicity, let us consider a one-dimensional signal here. An image f∈R N can be represented using a transform basis as 
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where α i denotes the coefficient corresponding to φ i , the i th row vector of the Φ orthonormal transform matrix of size NxN. Here we will use the DCT transform basis (Φ=Φ D ), however other compressible transform bases such as DWT are also admissible. The compressive image measurements, a set of linear projections of the object, are obtained with the orthonormal measurement matrix Ψ of size MxN representing the measurement basis. Thus the Mdimensional compressive measurement g can be expressed as
where the i th compressive measurement g i =〈f,ϕ i 〉 and ϕ i is the corresponding i th row vector of the measurement matrix Ψ. Note that M<<N for a compressive imager. We propose a hybrid measurement basis that combines DCT and random projection vectors. Specifically, this scheme employs DCT projection vectors corresponding to low frequencies to measure the non-sparse low-pass part of the image directly and random projection vectors to collect information about the significant DCT coefficients in the sparse mid/high frequency region of the image. The i th row vector ϕ i H of such a hybrid measurement matrix Φ H may be defined as Fig. 2(a) shows a plot of the weight function versus normalized radial frequency with model parameters β=6 and γ=2.5. Note that for a two-dimensional image
where f x and f y are the horizontal and the vertical normalized frequencies respectively. A contour plot of the corresponding two-dimensional weight function is shown in Fig. 2(b) . Observe that at low radial frequencies, the weight function is close to unity and therefore, the corresponding hybrid projection vector resembles a low frequency DCT projection vector. As the radial frequency increases and the weight decreases towards zero the corresponding hybrid projection vector progressively transforms into a random projection vector. 
Simulation Results
We use a set of images, shown in Fig. 3(a) , to quantify the reconstruction performance of the proposed hybrid measurement basis relative to the random and DCT measurement bases. For simulation purposes each image, of dimension 512x512, is processed block wise using a block size of 64x64. Each block within an image is approximated with 20% of the most significant DCT coefficients while incurring a minimal approximation error. This approximation ensures that each block is strictly sparse (K=820/N=4096). The image estimate 
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We use the l 1 -minimization algorithm from l 1 -MAGIC toolbox [10] to compute the image estimate for each block. The reconstruction image quality is measured using the normalized root-mean-square-error (RMSE) metric defined as
/255 , where the image dynamic range is [0, 255] . Fig. 3(b) shows the plot of the reconstruction RMSE, averaged over the 4 example images, as a function of the number of compressive measurements M for the three measurement bases: DCT, random and hybrid. Here the weight function model parameters are: β=6 and γ=2.5. When the number of compressive measurements is small M<1600 (<40%) the DCT measurement basis achieves the lowest RMSE among all the three bases. This is the case because the DCT projection vectors measure the non-sparse low-frequency DCT coefficients directly. Also note that for small M the hybrid basis is composed of mostly low-frequency DCT projection vectors and therefore, it provides a superior reconstruction performance relative to the random basis. As M increases beyond 2048 (50%), the reconstruction performance of both the hybrid and the random bases surpasses that of DCT. An exact reconstruction is obtained for M≈2900 (3.5K) with hybrid and random bases while the DCT RMSE continues to decreases slowly. Overall, we observe that the proposed hybrid measurement basis achieves a faster RMSE convergence relative to the random basis, providing as much as 35% RMSE improvement at M=1200 (30%) compared to the random basis.
Conclusion
We proposed a hybrid measurement basis design that incorporates the additional prior information relevant to images of natural scenes. The simulation study showed the superior image reconstruction performance of the hybrid basis compared to the random basis for a set of example images. A RMSE improvement of nearly 35% is obtained with the hybrid basis, for a number of measurements that represents 30% of the object dimensionality, relative to the random basis. We believe that this performance can be further improved by using an appropriate DWT transform basis, as a wavelet basis typically offers superior compressible representation for natural images compared to the DCT basis. Another approach for constructing a hybrid basis is to use the optimal (in RMSE) combination of M 1 DCT projection vectors and M 2 random projections vectors for each choice of M such that M 1 +M 2 =M.
